Rice (Oryza sativa L.) produces diterpene phytoalexins, such as momilactones, oryzalexins, and phytocassanes. Using rice genome information and in vitro assay with recombinant enzymes, we identified genes (OsKS4 and OsKS10) encoding the type-A diterpene cyclases 9-pimara-7,15-diene synthase and ent-sandaracopimaradiene synthase which are involved in the biosynthesis of momilactones A, B and oryzalexins A-F respectively. Transcript levels of these two genes increased remarkably after ultraviolet (UV) treatment, which is consistent with elevated production of phytoalexins by UV. These two genes might prove powerful tools for understanding plant defense mechanisms in rice.
Phytoalexins are low-molecular-weight compounds produced after exposure to microorganism attacks, elicitors, and ultraviolet (UV) irradiation. It has been suggested that they serve as plant antibiotics. 1, 2) Fifteen compounds have been identified as phytoalexins from rice (Oryza sativa L.). With the exception of sakuranetin, 3) a flavonoid, all these phytoalexins are diterpenes commonly biosynthesized from geranylgeranyl diphosphate (GGDP). Oryzalexins A-F, [4] [5] [6] momilactones A and B, 7, 8) oryzalexin S, 9) and phytocassanes A-E [10] [11] [12] are biosynthesized from GGDP through their (putative) hydrocarbon precursors, ent-sandaracopimaradiene, 9-pimara-7,15-diene, stemar-13-ene, and ent-cassa-12,15-diene respectively (Fig. 1) . [13] [14] [15] The first cyclization reaction to produce ent-or syn-copalyl diphosphate (CDP) is initiated by the addition of a proton to the terminal olefin bond of GGDP (type B). The second cyclization reaction, which converts ent-or syn-CDP into hydrocarbon products, is initiated by elimination of the diphosphate group (type A). 16) We have previously reported the cloning and characterization of cDNAs encoding ent-CDP synthase, 17) syn-CDP synthase, 17) entcassa-12,15-diene synthase, 13) and stemar-13-ene synthase 18) in rice. In this paper, we report the identification of genes encoding 9-pimara-7,15-diene synthase and ent-sandaracopimaradiene synthase in the biosynthesis of classical rice phytoalexins, momilactones A, B and oryzalexins A-F.
In the rice genome, 9 putative type-A diterpene cyclase genes (OsKS1-9) have been found, and expression of the OsKS1, 3-8 genes has been experimentally confirmed. 19) OsKS1 (choromosome 4, OSJN00255) is likely to encode ent-kaurene synthase in gibberellin biosynthesis ( Fig. 1) , because the loss of OsKS1 function results in a severe GA-deficient phenotype. 19) OsKS7 (chromosome 2, AP005114) and OsKS8 (chromosome 11, AC135398) are identical to OsDTC1 (AB089272) 13) and OsDTC2 (AB118056) 18) encoding ent-cassa-12,15-diene synthase and stemar-13-ene synthase respectively. A further search of the rice genome database by rice BLAST (http://RiceBLAST.dna.arc. go.jp/) revealed another homolog, referred to as OsKS10 (chromosome 12, AL935067). The cDNA sequences of OsKS4, 5, 10 have been registered as EST clones, AK119327, AK121446, and AK072461 respectively. We determined the full-length cDNA sequence of OsKS6 by rapid amplification of cDNA ends as described in our previous report. 17) We could not amplify the full-length cDNA of OsKS3 by reverse transcription-polymerase chain reaction (RT-PCR).
OsKS4, 5, 6, 10 have transit-peptide-like sequences in their N-termini, suggesting that these proteins are targeted to plastids, like other diterpene cyclases. The aspartate/glutamate rich motif DDxxD, which is conserved among type-A cyclases, 16) is present in these four enzymes, whereas the DxDD motif, common in type-B cyclases, 16) is absent. A phylogenetic tree of plant diterpene cyclases is shown in Fig. 2 . The amino acid sequence identities between rice KS homologs (OsKSs) and ent-kaurene synthases (type-A cyclases) from other plant species are approximately 40%, while the similarity of OsKSs to ent-CDP synthases (type-B cyclases) is much lower ($20% identity). The recombinant OsKS7 and OsKS8 did not catalyze the conversion of ent-CDP to ent-kaurene, but converted ent-CDP to entcassa-12,15-diene and syn-CDP to stemar-13-ene. 13, 18) The amino acid sequences of these two enzymes are more similar to putative rice ent-kaurene synthase, OsKS1, than to other plant ent-kaurene synthases (Fig. 2 ). These observations suggest that OsKS4, 5, 6, 10 are likely candidates for the unidentified 9-pimara-7,15-diene synthase and ent-sandaracopimaradiene synthase.
The production of phytoalexins is promoted in rice leaves after UV irradiation, 5, 6, 20) which suggests that the levels of transcripts for phytoalexin biosynthesis enzymes might be up-regulated by UV treatment in rice leaves. We carried out RNA-blot analysis by the same methods described previously. 17) As shown in Fig. 3 , the levels of OsKS4 19) and OsKS10 mRNAs increased drastically within 24 h after UV treatment, whereas the A phylogenetic tree was generated using amino acid sequences on a Clustal W program (http://www.clustalw.genome.ad.jp/). The accession numbers are as follows: AtCPS (Arabidopsis thaliana), AAA53632; CmCPS (Cucurbita maxima), AAD04292; ZmCPS (Zea mays), T02959; SrCPS (Stevia rebaudiana), AAB87091; PsCPS (Pisum sativum), U63652; OsCPS1, AK100333; AtKS (A. thaliana), AAC39443; SrKS (S. rebaudiana), AAD34294; CmKS (C. maxima), AAB39482. levels of the OsKS5 and OsKS6 transcript did not. 19) These results suggest that OsKS4 and OsKS10 are responsible for phytoalexin biosynthesis.
To clarify the enzymatic activities of OsKS4 and OsKS10, we carried out heterologous expression and functional analysis in vitro. Truncated coding regions of OsKS4 and OsKS10 cDNAs lacking in the sequences corresponding to part of the putative transit peptides were amplified by RT-PCR, then subcloned into a bacterial expression vector, pGEX4T-3 (Amersham Pharmacia Biotech, Piscataway, NJ, USA). We assumed that these partial ORFs would be functionally similar to the full-length enzymes in in vitro assays, as suggested by our previous studies.
17 ) The sequences of three pairs of primers are as follows: OsKS4-5 0 (5 0 -GGATCCATG-GCGAGTCCTATGGAAGCT-3 0 , Bam HI site is underlined) and OsKS4-3
0 , Bam HI site is underlined) and OsKS10-3 0 (5 0 -CTCGAGCAAGGTGGTTGTTCATGAGGA-3 0 , Xho I site is underlined) for OsKS10. The cDNA sequences of the truncated OsKS4 and OsKS10 have been deposited in the GenBank database under accession nos. AB126934 and AB126937.
Recombinant enzymes were produced as fusion proteins with glutathione S-transferase (GST) at the Ntermini, and were purified by glutathione-affinity column (Amersham Pharmacia Biotech), as described previously. 17) We used ent-CDP and syn-CDP (produced from GGDP by recombinant GST-OsCyc2 and GSTOsCyc1 17) ) as substrates. The assay solution consisted of 2 g of GGDP substrate in 0.5 ml of reaction buffer (2 mM dithiothreitol, 0.5 mM EDTA, 5 mM MgCl 2 , and . Signal intensities were determined with an Imaging analyzer (BAS1500; Fuji film, Tokyo, Japan). The intensities expressed are relative to the reference value, determined just prior to the UV treatment (day 0), which was set equal to 1.
Fig. 4. GC-MS Analysis of Reaction Products.
(A)-(C), Mass chromatograms at m/z 272. (A) GGDP was incubated with GST-OsCyc1 and GST-OsKS4; (B) GGDP was incubated with GST-OsCyc2 and GST-OsKS10; (C) authentic hydrocarbons from UV-irradiated rice leaves. [13] [14] [15] 9P, EP, ES, ST, and EC indicate 9-pimara-7,15-diene, ent-pimara-8(14),15-diene, ent-sandaracopimaradiene, stemar-13-ene, and ent-cassa-12,15-diene respectively. (D)-(G), full-scan mass spectra of peak I, peak II, and authentic hydrocarbons; (D) peak I (retention time 15.5 min); (E) authentic 9-pimara-7,15-diene (retention time 15.5 min) from the hydrocarbon fraction from UV-irradiated rice leaves; (F) peak II (retention time 16.3 min); (G) authentic ent-sandaracopimaradiene (retention time 16.3 min) from the rice leaves. 100 mM Tris-HCl buffer, pH 7.4), with proteinase inhibitor cocktail (1/100 tablet; Complete; Roche Diagnostics, Penzberg, Germany). The affinity-purified protein (50 g) with GST-OsCyc1 or GST-OsCyc2 (50 g each) was added to the assay solution, and the mixture was incubated at 30 C for 3 h. After dephosphorylation by incubation with bacterial alkaline phosphatase (6 units; Toyobo, Tokyo, Japan) at 37 C for 1 h, the solution was extracted with n-hexane (8 ml). The nhexane extract was evaporated to dryness under a gentle nitrogen flow and subjected to GC-MS analysis. GC-MS was conducted using an Agilent 6890N GC-5973N MSD mass selective detector system (ionization voltage 70 eV) fitted with a fused silica, chemically bonded capillary column (HP-1MS; 0.25 mm in diameter, 60 m long, 0.25 m film thickness). Each sample was injected onto the column at 250 C in the splitless mode. After a 2-min isothermal hold at 60 C, the column temperature was increased by 30 C/min to 150 C, 10 C/min to 180 C, 2 C/min to 210 C, and 30 C/min to 300 C, successively, with a 10-min isothermal hold at 300 C. The flow rate of the helium carrier gas was 1 ml/min. The GST-OsKS4 converted syn-CDP into peak I (retention time 15.5 min; Fig. 4A ), but did not convert ent-CDP to any hydrocarbon (data not shown). GSTOsKS10 catalyzed the conversion of ent-CDP into peak II (retention time 16.3 min) and III (retention time 15.8 min; Fig. 4B ), but syn-CDP was not converted by this enzyme into any hydrocarbon (data not shown). Unused substrates in the reaction mixture were identified as alcohol derivatives after dephosphorylation using alkaline phosphatase (data not shown). Peak I and peak II were identified as 9-pimara-7,15-diene and entsandaracopimaradiene respectively, using authentic samples from UV-irradiated rice leaves (Fig. 4C-G) . 14, 15) The minor peak III was identical to entpimara-8(14),15-diene (data not shown). The ent-pimara-8(14),15-diene from the rice leaves ( Fig. 4C ; EP) was identified by comparing it with the authentic compound from fungus Phomopsis amygdali.
21) The minor product is unlikely to be a hydrocarbon precursor of well-characterized rice phytoalexins. The transition state yielding ent-pimara-8(14),15-diene in the enzymatic reaction with GST-OsKS10 is probably similar to that of ent-sandaracopimaradiene due to the similarity between the methyl group and the vinyl group at C-13 in ent-CDP (Fig. 5) . Thus GST-OsKS10 accepted these two transition states in favor of that of ent-sandaracopimaradiene, resulting in the formation of ent-pimara-8(14),15-diene as a minor product. The formation of minor hydrocarbons is a well-known feature of terpene synthases. 22) These results indicate that OsKS4 and OsKS10 encode 9-pimara-7,15-diene synthase and entsandaracopimaradiene synthase in the biosynthesis of momilactones A, B and oryzalexins A-F respectively.
We have previously reported the identification of genes encoding ent-CDP synthase (type B; OsCPS2/ OsCyc2), syn-CDP synthase (type B; OsCPS4/OsCyc1), 17) ent-cassa-12,15-diene synthase (type A; OsKS7/OsDTC1), 13) and stemar-13-ene synthase (type A; OsKS8/OsDTC2), 18) in phytoalexin biosynthesis (Fig. 1) . In this report, we have identified two additional genes, OsKS4 and OsKS10, encoding type-A diterpene cyclases in the biosynthesis of momilactones A, B and oryzalexins A-F. Hence, our current and previous studies cover the identification of all genes encoding diterpene cyclases in the biosynthesis of rice phytoalexins: momilactones, oryzalexins, and phytocassanes.
On chromosome 2 of the rice genome, OsKS7 is located near OsCPS2/OsCyc2, which encodes ent-CDP synthase. 19) The recombinant OsKS7 preferred ent-CDP as a substrate to syn-CDP, and converted ent-CDP to ent-cassa-12,15-diene. 13) Similarly, OsKS4 was located near OsCPS4/OsCyc1, which encods syn-CDP synthase 19) The recombinant OsKS4 preferentially used syn-CDP, not ent-CDP, as a substrate, and converted syn-CDP into 9-pimara-7,15-diene. Some P450 monooxygenase genes have been found near the cyclase genes on chromosome 2 and 4. 19) These results suggest that phytocassane and momilactone biosynthesis genes are clustered on chromosome 2 (86 cM) and chromosome 4 (14.3 cM) respectively. But OsKS8 and OsKS10, which encode stemar-13-ene synthase and entsandaracopimaradiene synthase respectively, are located on other chromosomes.
Among rice phytoalexins, momilactone A has often been used as markers for rice defense responses. [23] [24] [25] [26] Kato-Noguchi and Ino 27) recently reported that momilactone B released from rice roots 28) inhibited the growth of cress (Lepidium sativum L.) seedlings, and suggested its potential role in rice allelopathy. The momilactone biosynthetic gene, OsKS4, might prove a useful gene marker for studying defense mechanisms and allelopathic events in rice. Reverse-genetic approaches that target these cyclase genes might provide important information on the physiological roles of diterpene phytoalexins in rice.
